A two-dimensional hydrodynamic model, Floodarea was applied to simulate the flood inundation area and flood depth in Manas basin, China. Two scenes of Landsat TM images were also used in this research. One image was used to produce the spatial distributed manning roughness to feed the model, the other one was used to delineate the actual inundated area by a modified NDWI method. The model and the manning roughness were validated by the comparison of simulated flood inundation extent and the corresponding actual inundated area obtained from Landsat image. The results show that the actual inundation extent obtained from Landsat image was 240.45 km 2 , and the modeled inundation area was 276.15 km 2 . It indicates that manning roughness ranging from 0.025 to 0.833 is appropriate in the basin. In addition, the modeled flood depth varied from 0 to 7.77 m. Taking land use into account, five hazard zones were identified in the study area. This study would be beneficial to flood control and disaster reduction.
Introduction
Flood is one of the most recurring and devastating natural hazards [1] . Human interventions and climate change have significantly effect on it [2] . Many researches show that flood intensity and frequency would increase in the future, and it must be threaten many regions of the world [3] . Accurate information on the floods is very necessary for controlling potential hazards and risks.
Hydrodynamic modelling and remote sensing data have been widely applied to predict and evaluate the flood risk [4, 5] . An integrated hydraulic modelling based on TELE-MAC-2D and remote sensing data has been used to investigate the floodplain flow process by Bates et al. [6] . Patro simulated the flood inundation extent and flooding depth using MIKE FLOOD and an IRS-1D WiFS image [7] . The remote sensing can not only provide actual flood extent, but also spatial distributed parameters. They are indispensable to flood inundation models, such as the manning roughness [7] .
Manas basin, a typical flood-prone inland river basin, locates in the northwest of China. It is the core of the regional economic zone in Xinjiang, China. However, flood events occurred frequently and caused great losses [8] . A catastrophic flood on record happened in Manas basin on the mid-July and early August in 1999 [9, 10] . The flood lasted for 23 days, from July 14 to August 5. This catastrophic flood made 17 thousand people stricken, caused the direct economic loss about 21 million (USD), and flooded tens of thousands of field. Some water conservancy facilities were damaged during the flood.
The aim in this paper is to reproduce the devastating flood occurred 1999 and identity the hazard zones in Manas basin. The modified NDWI was introduced to delineate the actual flood inundation area from the Landsat TM image. The Floodarea model has been widely used to simulate the flood inundation. The main objects of this study are as follows: 1) to construct a GIS-based model Floodarea for study area and 2) to identity the hazard zones according to the simulated flood depth and in the Manas river basin.
Methodology and Study Area

Hydrodynamic Model
The Floodarea, a two-dimensional hydrodynamic model, developed by Geomer Company, has been applied for flood inundation widely [11] [12] [13] [14] [15] . It is completely embedded into the graphical user interface of ArcGIS desktop [16] . Floodarea model takes full advantage of ESRI Grids on hydrodynamic modeling, accomplishes the data fusion of hydrologic and hydrodynamic. Drainage network grids with water levels, hydrographs and rainstorm feed the model with floods. The gradient is defined by the difference between the lowest water level and the highest terrain elevation found in the cell and the neighboring cells. The smallest iteration time step can be adjusted dynamically. An important control criterion for this adjustment is the amount of water available. If the discharge rates become too large compared with the available volume, the iteration time step would be reduced. Only water level changes exceeding 1 mm are considered by that control mechanism. If the volumes exchanged between cells are very small, the iteration time step would increase automatically. This permanent optimization keeps processing time at a minimum [16, 17] .
Roughness value is very important for the accurate simulation. The hydrodynamic approach was used to calculate the inundation area in this study. The discharge volume to the neighboring cells was calculated using the Manning-Strickler formula (Equation (1)). 
where Q is flood discharge (m 3 /s), A is the flood section area of the watercourse (m 2 ), n is the roughness, R is the hydraulic radius,
, X is the wetted perimeter of flood section, and I is the hydraulic gradient.
The flow depth during an iteration interval is taken from the difference between water level and maximum terrain elevation along the flow path (Equation (2)).
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Flood Extent
Water can be distinguished from other feature types based on its strong spectral absorption characteristics.
McFeeters [18] proposed a Normalized Difference Water Index method for Landsat TM to make a distinction between water features and other feature types. However, the extracted water information in water regions with built-up land background was often mixed. Some built-up land features and self-shadowed areas are misclassified as water bodies.
Here we choose the modified to identify water bodies. The MNDWI was a further development of NDWI by Xu [19] . It can be defined as follows:
where Green is a green band such as TM2, MIR is a middle infrared band such as TM5.
The MNDWI can not only reveal subtle features of water more efficiently than NDWI, but also remove shadow effects on water [19] .
Generation of Manning Roughness
In order to get a spatially-distributed manning roughness image (friction coefficients), a friction coefficients method was introduction [7] . In this method, a representative manning image (friction coefficients) can be derived from land cover. Firstly, the land cover was classified using maximum likelihood (ML) and fuzzy c-means methods. Two images of land cover proportions were obtained for each land cover class. Then friction coefficients were generated for the two classifications. In the ML classification, friction coefficients were estimated from land cover using a look-up table. In the fuzzy c-means image, pixels represent the proportion of each class. The images of land cover proportions generated for a study area were combined into a single image of friction using: 
Study Area
Manas Basin lies to the north of the Tianshan Mountains and covers a surface area about 2 between latitudes 43˚20'N -45˚55'N and longitudes 85˚00'E -87˚00'E (Figure 1) . Manas River, the largest inland river at the north slope of Tianshan Mountain, has 10 tributaries. Its geomorphological types include alpine, low mountains, alluvial-fan plain and desert. The average annual temperature is 6.5˚C. The average annual precipitation ranges from 100 to 200 mm. The average annual evaporation ranges from 1500 to 2000 mm. Kensiwate station is the control station at the confluence of tributaries. The average annual runoff is about 12.8 × 10 8 m 3 , and the annual runoff is 39.7 m 3 /s. The main soil is grey cinnamon soil.
Basis Data
The typical catastrophic flood hydrograph, the Digital Elevation Model data (DEM) and the Manning grid are essential input for the model. More details as follows: 1) A high resolution digital elevation model (DEM), with a horizontal grid resolution of 5 × 5 m, was adopted in this study. It was produced by digitizing a 1:10,000 topographic map, which is provided by the Surveying and Mapping Bureau of Xinjiang Uygur Autonomous Region. The production process was carried out in accordance with the standards of the Nation Bureau of Surveying and Mapping on the establishment of a digital elevation model data.
2) The hydrograph. The flood hydrograph during the flood in 1999 fed the model, which is greater than the 100-year return period. It lasted for 23 days from July 14 to August 5, with a peak discharge about 1041 m 3 /s. 3) Two sets of Landsat 5 TM, with spatial resolution of 30 m, were selected. The image on July 4, 1999 was used to classify the types of land use. It is the basis of manning roughness. And the image on August 5, 1999 was applied to delineate the actual inundation after the flood. The images were registered according to the DEM before flood inundation simulation. 
Results
Land Use Interpretation and Manning
Roughness Calculation We obtained seven types of land use according to the TM image before the flood, which include forest, grass, rural area, unused land, urban area, water and farming land. The classified result is shown in Figure 2 (left). Table 1 summaries the area proportions of different land cover classes. It is seen that the most of upper reaches of the study area is grass. In the low reaches, the land cover is dominated by farming and unused land. Also, the manning values for each class are listed in Based on the classification, the manning roughness was calculated by Equation (4) . The spatial distribution of manning roughness was illustrated in Figure 2 (right).
Flood Simulation
The flood was simulated using Floodarea with the manning roughness image derived from Landsat TM and the observed flood hydrograph. The modeled flood inundation area is shown in Figure 3 (right). It is observed that the initiation of flooding in the study area was caused at the junction of Beijiang railway and the Manas river, where there is a major bridge across the river. In addition, the actual flood inundation area was delineated using MNDWI, as shown in Figure 3 (left). The actual flood inundation was compared with the simulated flood inundated area in the same period. From the interpretation result of TM using MNDWI, the flood inundation extent is 240.45 km 2 . The simulated flooding extent is 276.15 km 2 . The simulated area is more than 14.8% of the actual flood inundation. if the percentage is less than 15% according to the criteria, the model performance is good [20] . So this indicates that there is a close relationship between them. And the model performance and manning roughness are acceptable.
The spatial distribution of flood depth was showed in Figure 3 (right). The flood depth varied from 0.05 m to 7.77 m, which were less than 2 m in the most of inundation area. The area of more than 4 m mainly existed in the main channel. The depth in the lower area from the Wuyi road was mainly about 0.5 m.
Identification of Inundation Hazard Zones
Inundation hazard zones were identified based on the simulated flood inundation and the land use of the study area. There were five hazard zones in the study area (Figure 4) . Zone A was the junction of major channel and floodplain. During the flood, the bridge across the river in zone A was destroyed, and water spread. The other four hazard zones have some characteristics in common. Firstly, the water in these zones was deep. The flood depth was 1.04 m, 0.77 m, 0.65 m and 0.32 m for zone B to Zone E. Secondly, four zones were located in the junction of different land use types. Zone B was the junction of farming and unused land. Zone C was the junction of farming and forest. Zone D mixed of farming and grass, and Zone E was the transitional zone of farming and forest, grass. Thirdly, four hazard zones were all located where the channel is winding.
Conclusions
The present study aimed at reproducing a devastating flood occurred in 1999 and identifying the hazard zones in Manas basin, China. A two-dimensional hydrodynamic model, Floodarea was used to simulate the flood inundation area and flood depth. The validation was conducted by the comparison of actual flood extent and modeled inundation. The simulated inundation area is 276.50 km 2 , and the actual inundation extent delineated by MNDWI is 240.45 km 2 . The simulated inundation area is more than 14.8% of the actual one. The validation results show that the model performs satisfactory in re-producing the serious flood, and the spatial distributed manning roughness is appropriate. The manning roughness varied from 0.25 to 0.833 in the study area. And the flood depth varied 0 to 7.77 m in the study area. Furthermore, five hazard zones were identified according to the simulated flood depth, and the land use classified from the Landsat image.
The spatial distributed manning roughness image may be used to simulate the flood inundation extent and flood depth in the study area caused by floods. And the identification of hazard zones has been adopted for Manas basin water resources management and flood preventing strategies.
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